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ABSTRACT 



Context. With new astronomical infrared spectrographs the demands of accurate atomic data in the infrared have increased. In this 
region there is a large amount of parity-forbidden lines, which are of importance in diagnostics of low-density astrophysical plasmas. 
Aims. We present improved, experimentally determined, energy levels for the lowest even LS terms of Fe n, Ti n and Cr n, along with 
accurate Ritz wavelengths for parity-forbidden transitions between and within these terms. 

Methods. Spectra of Fen, Tin and Crn have been produced in a hollow cathode discharge lamp and acquired using high-resolution 
Fourier Transform (FT) spectrometry. The energy levels have been determined by using observed allowed ultraviolet transitions 
connecting the even terms with upper odd terms. Ritz wavelengths of parity-forbidden lines have then been determined. 
Results. Energy levels of the four lowest Fe n terms (a 6 D, a 4 F, a 4 D and a 4 P) have been determined, resulting in 97 different parity- 
forbidden transitions with wavelengths between 0.74 and 87 jim. For Ti n the energy levels of the two lowest terms (a 4 F and b 4 F) 
have been determined, resulting in 24 different parity-forbidden transitions with wavelengths between 8.9 and 130 fim. Also for Crn 
the energy levels of the two lowest terms (a 6 S and a 6 D) have been determined, in this case resulting in 12 different parity-forbidden 
transitions with wavelengths between 0.80 and 140/um. 

Key words, atomic data - line: profiles - methods: laboratory - techniques: spectroscopic - infrared: general 



1. Introduction 

The interaction between laboratory and stellar spectroscopy has 
a long history, and still the availability of experimental atomic 
data is a necessity in analyses of stellar spectra. The devel- 
opment in astronomical instrumentation has also increased the 
demands on the accuracy of the data in the optical (e.g. the 
VLT/UVES spectrograph) and ultraviolet (e.g. the HST/STIS 
instrument) wavelength regions. The next step will be to im- 
prove the atomic database in the near-infrared region to match 
the needs defined by high-resolution spectra recorded with the 
newly installed CRIRES spectrograph at VLT and the space- 
borne SPITZER observatory. 

The situation in nebular spectroscopy is quite different from 
the status of stellar spectroscopy. Nebular spectra show emis- 
sion lines, and they are associated with various excitation mech- 
anisms, general as well as selective. Very special features in neb- 
ular spectra are the "forbidden lines", i.e. transitions between 
metastable (long-lived) energy levels, which are only observ- 
able in spectra of very low-density plasmas. The forbidden lines 
are impo rtant for diagnos tics of various parts of planetary nebu- 
lae (e.g. lSmith et alj|2005l) and nebular clouds a round extended 
objec t s, such as active galac tic nuclei, (see e.g. iKaufman et al.l 
2006; Meijerink et al.l I2007I) . The diagnostics are often per- 
formed using standard pairs of forbidden lines, and the infor- 
mation embedded in numerous other forbidden lines is seldom 
exploited. This is partly due to the lack of reliable atomic data 
for forbidden lines. 

Forbidden lines are not observed in light sources used for 
atomic spectroscopy, simply because collisions deexcite the 
metastable levels due to the high electron density. The wave- 
lengths can be calculated from the energy level values, but 



it is not until recently lifetime measurements of metastable 
levels in complex spectra h ave been performed using storage 
rings (Hartma n et al.l [2005b . Astrophysical spectra have been 
used for converting the lifetimes into Einstein A-coefficients . 
Great efforts were early made by Garstang (e.g Garstang 1962) 
to calculate the A-coefficients, and th ey have later been fol- 
lowed up by work by Nussbau mer (INussbaumer & Swings! 
1970b INussbaumer & Storevll 19881) . Ouinet (lOuinet et alJll99oV 
Uuine il l 19971) and others. The theoretical data are certainly of 
high quality but they are not accompanied with any estimate of 
the uncertainty. However, accurate wavelengths can only be de- 
rived from experimental data. 

In the present paper we present new and accurate wave- 
lengths of forbidden lines in the infrared region for three spec- 
tra, Fe ii, Ti ii and Cr n, of high astrophysical relevance. Many of 
these li nes have already bee n identified in astrophysical spectra, 
sgee^. Itemim et al.l d2006l) : iRiffel etaTJ d2006l) : lHartman et al.l 
(2004). Other second spectra of the iron group elements pro- 
duce few forbidden lines in the infrared either because of the 
atomic structure or the low abundance. The energy level val- 
ues of the lowest terms in Fen, Tin and Cm have been im- 
proved by using observed UV-visible transitions measured with 
high-resolution Fourier Transform spectrometry. Accurate Ritz 
wavelengths have been determined for parity-forbidden transi- 
tions between and within these terms. 



2. Experimental method 

Spectra of Fe n, Ti n and Cr n were produced in a water cooled 
hollow cathode discharge lamp (HCL). Four different cathode 
compositions were used, see Table [1] In one spectral acquisi- 
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Table 1. Lamp conditions, spectrometer resolution and correction factors for the spectral acquisitions 



opcctrum 


Wave number 




Inserted 


Carrier gas 


Pressure 


Current 


Resolution 


_ ... . 

Calibration factor 


number 


range (cm ^ ) 


material 


metals 




(torr) 


(m W 
(TCIA) 


(cm ) 


frff 


I 


22200-44200 


Ti 




Ar 


0.6 


500 


0.05 


(1.43 ± 0.02) • 10~ 6 


11 




rc 




A i- 
Al 


U.o 


"7nn 
/UU 


U.Uj 


(— Z.j4 + U.UZj ■ 1U 


ill 


26900-53700 


Fe 




Ar 


1.0 


700 


0.04 


(-2.54 ±0.03)- 10- 6 


IV 


21700-43400 


Fc 




Ne 


1.2 


1200 


0.06 


(-2.90 ± 0.03) • 10- 6 


V 


21700-43400 


Fc 




Ne 


1.0 


900 


0.06 


(-2.90 ± 0.03) • 10- 6 


VI 


20600-41000 


Fc 


Mg, Ti, Cr, Mn, Zn 


Ar&Ne 


0.9 


700 


0.05 


(-2.12 ±0.02) • 10~ 6 


VII 


25300-50500 


Fc 


Mg, Ti, Cr, Mn, Zn 


Ar&Ne 


1.0 


600 


0.06 


(-2.23 ± 0.03) • 10- 6 


VIII 


26900-53700 


Fc 


Mg, Cr, Zn 


Ne 


0.8 


400 


0.06 


(-3.19 + 0.04) ■ 10~ 6 


IX 


26900-53700 


Fe 


Mg, Cr, Zn 


Ne 


0.9 


500 


0.06 


(-3.13 ±0.04)- 10~ 6 



tion the cathode consisted of pure titanium, spectrum I, and for 
the others a cathode of pure iron was used. The cathodes had a 
cylindrical bore with an inner diameter of 6-7 mm and a length of 
about 50 mm. For four of the spectral acquisitions pieces of com- 
plementary metals were inserted in the cathode bore to produce 
spectra from several different ions simultaneously. Spectra II- 
IX were previously acquired for measur ements of accu r ate rel - 
ative wavelengths of different ions, see lAldenius et alj (|2006). 
These spectra were complemented with spectrum I to improve 
the signal-to-noise ratios (S/N) and accuracy of the Ti n lines in 
this investigation. For the spectral acquisition with pure Ti or Fe 
cathodes argon or neon was used as a carrier gas, creating the ini- 
tial plasma in the cathode. This provided Ar lines for wavelength 
calibration and Fe lines which were used as secondary calibra- 
tion lines, see Sect. 13.11 For the spectral acquisitions with com- 
posite cathodes either a mixture of argon and neon or pure neon 
was chosen as the carrier gas. This was done because Ne pro- 
duced higher S/N for lines that were too weak in pure Ar record- 
ings. A continuous HCL mainly produces spectra from neutral 
and singly ionized species. To increase the amount of singly ion- 
ized species, and the S/N for the lines of interest, a large amount 
of spectra were recorded to achieve the best light source parame- 
ters. Finally, the light source was run with a current between 0.4 
and 1 .2 A and a pressure between 0.6 and 1 .2 torr. 

The spectra were acquired with the Chelsea Instruments 
FT50 UV Fourier Transform (FT) spectrometer dThorne et al.1 
1 1987b in Lund. This is optimized to measure high-resolution 
spectra in the region 2000-7000 A. Spectra for essentially two 
overlapping wavenumber regions, 20000-40000 cm -1 (5000- 
2500 A), region A, and 26000-50000^' (3800-2000 A), re- 
gion B, were acquired using three different Hamamatsu pho- 
tomultiplier tubes, R928 or 1P28 for region A and R166 for 
region B. Photon noise in the interferogram is transferred into 
the spectral region as white noise. All spectral lines seen by the 
detector contribute to this noise level. It is therefore an advan- 
tage to limit the light seen by the detector to the wavelength re- 
gion of interest. The R166 detector used in region B is so-called 
solar-blind and has a long-wavelength cut-off at about 3000 A. 
The short-wavelength cut-off for this region is at about 2000 A, 
where air absorbs most light. For region A the R928 detector has 
a wide sensitivity range, between 2000 and 8000 A, and an ex- 
ternal 2 mm UG-5 optical glass filter was used to cut out light 
above 4000 A, significantly reducing the noise. The two regions, 
including detectors and filter, overlap, giving a small region for 
transfer of calibration between them (see Sect. 13. It . 

The light source was carefully aligned with a focusing lens at 
two different distances to the spectrometer. For spectra VII-IX 
(in region B) the light source was placed close to the aperture of 



Table 2. Transition rules for allowed El and forbidden Ml and 
E2 transitions 



El Ml E2 

Rules independent of coupling scheme 
parity change no parity change no parity change 
A7 = 0,±l A/ = 0,±1 A/ = 0,±l,±2 

(0 w 0) (0^0) (0#>0, \ m 1,0 w 1) 

the spectrometer, in order to decrease the light path length in air 
and thereby increase the S/N for the lines close to 2000 A, where 
air absorbs most light. For the region at longer wavelengths (A) 
the light source was placed at a larger distance. In this wave- 
length region the absorption from air is less prominent. The res- 
olution of the spectra was between 0.04 and 0.06 cirT 1 , which 
was sufficient to completely resolve the lines. For each spec- 
trum about 20 scans were co-added to achieve higher S/N for 
the lines. To further improve the accuracy the allowed El transi- 
tions were measured in several spectral recordings with different 
light-source parameters. 

3. Analysis 

For each of the three species the lowest LS terms of the low 
even configurations, including the ground term, were chosen to 
be included in the investigation. The upper levels of the parity- 
forbidden transitions should be meta-stable, having no level of 
opposite parity located at lower energy. It was also essential that 
the terms could be easily connected with UV-visible transitions 
through higher lying levels of opposite parity. To improve the 
accuracy of the lower levels, as many transitions to upper lev- 
els of odd parity as possible were chosen to be included in the 
measurements. Since the transition rules for allowed El transi- 
tions are AJ — 0, +1, see Tabled there was a maximum of three 
transitions to each upper level within one multiplet. To further 
improve the accuracy, lines were measured in at least three dif- 
ferent spectral acquisitions. 

Fen has a complex energy level structure, with many 
low terms within a small energy interval. The ground state 
is 3d 6 ( 5 D)4s a 6 D9/2 and the lowest terms belong to the even 
3d 6 ( 5 D)4s and 3d 7 configurations. The lower, even parity, energy 
levels of four different terms (a 6 D, a 4 F, a 4 D and a 4 P), with in to- 
tal 16 energy levels between and 13900 cm -1 , were included 
in the investigation. Allowed UV-visible transitions to six terms 
of odd parity (z 6 D, z 6 F, z 6 P, z 4 F, z 4 D and z 4 P) were measured. 
These terms all belong to the 3d 6 ( 5 D)4p configuration and are 
the lowest odd parity terms in Fe n with energies between 38000 
and 48000 cm -1 . A partial energy level diagram of Fen is dis- 
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Fig. 1. Partial energy level diagram of Fen displaying the low 
even levels and higher odd levels included in this investiga- 
tion. Parity-forbidden Ml and E2 transitions occur between, and 
within, the even terms, while allowed El transitions between the 
odd and even terms are used for determining accurate energy 
level values. 
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Fig. 3. Partial energy level diagram of Tin displaying the low 
even levels and higher odd levels included in this investigation. 
Parity-forbidden Ml and E2 transitions (dashed line) occur be- 
tween, and within, the even terms, while allowed El transitions 
(solid lines) between the odd and even terms are used for deter- 
mining accurate energy level values. 
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Fig. 2. Observed Fe n transitions, belonging to the a 4 D-z 4 P mul- 
tiple^ from spectrum III. The wavelength span in the figure is 
about 6.6 A and the weaker line at 39019 cm -1 is an Arn line 
from the carrier gas in the HCL. 



played in Fig.Q] including the even and odd terms considered in 
this investigation. Because of rather poor LS-coupling in Fe n, 
transitions between quartets and sextets have high probabilities 
and such intercombination lines were in general clearly visible in 
the laboratory spectra. This made it possible to connect the two 
spin systems. Fig.|2]shows a small part of an observed spectrum 
(III) including three of the Fe n lines used in this investigation. 
The spectrum is from a pure iron cathode and contains iron and 
argon lines. 

Also Ti ii has a complex energy level structure with many low 
terms of even parity. The ground state is 3d 2 ( 3 F)4s a 4 F3/2 and 
the lowest terms belong to the 3d 2 ( 3 F)4s and 3d 3 configurations. 
The lower, even parity, energy levels of two different terms (a 4 F 
and b 4 F), with in total 8 energy levels between and 1200 cm -1 , 



were included in the investigation. Allowed UV-visible transi- 
tions to five terms of odd parity (z 4 G, z 4 F, z 2 F, z 2 D and z 4 D) 
were measured. These terms all belong to the 3d 2 ( 3 F)4p config- 
uration and are the lowest odd parity terms in Ti n with energies 
between 29000 and 33000 cm -1 . A partial energy level diagram 
of Ti ii including the even and odd terms in this investigation is 
shown in Fig. [3] 

For Cm the ground state is 3d 5 a 6 Ss/2 and the lowest terms 
belong to the 3d 5 and 3d 4 ( 5 D)4s configurations. The lower, even 
parity, energy levels of two different terms (a 6 S and a 6 D), with in 
total 6 energy levels between and 12500 cm -1 , were included 
in the investigation. The ground term has zero orbital angular 
momentum, L — 0, and therefore only one energy level (J = f ). 
This means that the total number of possible transitions within, 
and between, these two lower terms are less than for e.g. Ti n. 
The lowest odd parity term in Cr n is z 6 F at 47000 cm - 1 , but tran- 
sitions to the ground state from th is term have very low transition 
probabilities (Nilss onet al.l p2006). The second lowest odd term, 
z 6 P, is at 48000 cm -1 , which results in transitions close to the 
2000 A limit were air absorbs most light, making the observed 
transitions with low probabilities too weak. This made it possible 
to measure transitions only to (z 6 P), belonging to the 3d 4 ( 5 D)4p 
configuration. To try and compensate for this lack off useable 
transitions and improve the accuracies, the Cr n lines were mea- 
sured in four different spectra. 

3.1. Wavenumber calibration 

FT spectrometry generates spectra with a linear wavenumber 
scale, whose accuracy derives from the control of the sampling 
of the interferogram by a single-mode helium-neon laser. The 
frequency of this control laser is stabilized to five parts in 10 9 . 
The accuracy is, however, limited by the effects of using a finite- 
size aperture and by imperfect ali gnment of the light from the 
light source and the control laser dLearner & Thornelll988l) . To 



4 



Aldenius and Johansson: Ritz wavelengths of forbidden lines 



obtain a wavenumber scale, which is accurate to better than one 
part in 10 7 , a multiplicative correction is applied, such that 



(1 +k eS )(r, 



obs 



(i) 



where cr colT is the corrected wavenumber and <x obs is the ob- 
served, uncorrected wavenumber. The correction factor, k & s, is 
accurately determined by measuring the positions of well-known 
internal wavenumber standard lines. With FT spectra it is not 
necessary that the reference lines are evenly distributed through- 
out the spectru m. In principle, it is possible to use only one cal- 
ibration line dSalit et alJ l2004), but to reduce the uncertainty of 
the calibration, several calibration lines have been used for each 
spectrum. The use of internal calibration lines, in this case Ar n 
lines from the carrier gas in the HCL, helps to ensure, to as high 
degree as possible, that the light from the species being used 
for calibration illuminates the entrance aperture of the FT spec- 
trometer in the same way as that of the species being investi- 
gated. Am lines are commonly used for wavelength calibration 
and there are in principle two sets of st andard lines av a ilable . 
In this investigation wavenumbers from IWhaling et al.l ( 1995b 
have b een used for calibration, rather than the work by iNorlenl 
d!973l) . For discussi ons on the difference between these two 
sets of lines see e.g. IWhaling et all (120021) : In ave & Sansonettil 
d2004l) : lAldenius et all d2006l) . The wavenumbers of Whaling 
were measured using FT spectrometry with molecular CO lines 
as wavenumber standards. 

For spectral region A Am 4s-4p calibration lines with 
S/N>100 were selected for the spectra with Ar as the carrier gas 
in the HCL (spectrum I, II and VI). Using only 4s-4p transitions 
decreases the risk of the lines being pressure shifted, since the 
pressure shift generally increases with excitation. 14 Arn lines 
were used for each spectrum and the corresponding correction 
factor was derived by calculating the weighted mean of the 14 in- 
dividual correction factors, where the weights were scaled with 
the inverse variance of each correction factor. 

In spectral region B (spectrum III, VII, VIII and IX), cover- 
ing higher wavenumbers, there are an insufficient number of reli- 
able Ar ii 4s-4p calibration lines available in our spectra. A trans- 
fer of calibration between the two spectral regions was therefore 
used. In spectrum VI, which includes the 14 Am calibration 
lines, a number of Fe i and Fe n lines were measured and cali- 
brated. These lines are located in the overlap of the two spec- 
tral regions and are observed in all spectra containing iron. They 
could therefore be used, together with three Am lines when 
present, for calibration in region B. These Fe lines were also 
used for calibration in the spectra in region A with pure Ne as 
the carrier gas (spectrum IV and V). The uncertainty of the cal- 
ibration in these spectra is slightly larger due to this two-step 
calibration, see Table Q] 

3.2. Line profiles and blends 

The observed lines were fitted with Voigt profiles using a 
least-square procedure i ncluded in the FT spectrometry analy- 
sis program Xgremlin (Naveetal. 1997b), which is based on 
the Gremlin code dBrault & Abramslll989l) . This program was 
also used for transforming and phase correcting the measured 
interferograms. The fitted Voigt profiles showed low damping 
constants, implying that the observed lines were close to pure 
Gaussians. This was expected, since Doppler broadening is the 
dominant broadening effect in the HCL. 

All lines, including calibration lines, had an apparently sym- 
metric peak profile and showed no form of isotope or hyper- 
fine structure. The metals all consisted of terrestrial relative 



abundances of the different isotopes. For Cr and Fe any iso- 
tope or hyperfine structure should be negligible compared to the 
Doppler width (~0. 1-0.2 cirT 1 ) and they both have one dom- 
inating even isotope ( 52 Cr: 84 % and 56 Fe: 92 %). Ti consists 
of one even isotope with large relative abundance ( 48 Ti: 74 %) 
and four other isotopes with relative abundances between 5 and 
8 %. Unresolved isotope structure itself should not pose a prob- 
lem in wavenumber measurements, but if the observed lines are 
self-absorbed the different isotopes will be affected by vary- 
ing amount of self-absorption and a small shift in the observed 
wavenumber could be introduced. If self-absorption was de- 
tected or suspected in a line this was investigated more thor- 
oughly. By changing the discharge current in the HCL, and 
thereby producing different plasma densities, spectra were ac- 
quired with different amount of self-absorption. No tendency 
of wavenumber shift or asymmetric profiles were detected. All 
lines in the investigation were also measured in at least three dif- 
ferent spectra with different plasma densities, and the possible 
effects should be negligible compared to the uncertainties from 
calibration and line fitting, see Sect. [4] Furthermore, all energy 
levels were derived by using several different transitions and ob- 
served lines which clearly gave different energy levels were re- 
moved from the fitting of energy levels, see Sect. 13.31 

All lines used in this work were carefully checked for possi- 
ble blends from both the same species and other species present 
in the HCL. By using different HCL conditions with different 
carrier gas, cathode material and inserted metals the risk of not 
detecting unresolved blends was minimized. 

Pressure shifts affect higher levels the most. In this inves- 
tigation the hi ghest levels includ ed is at 48000 cm -1 , which is 
relatively low. [Nave et al.l dl997al) estimated a shift of less than 
0.005cm -1 for levels at 100000cm -1 in Fen when using a car- 
rier gas pressure of at least 4 times higher than in this investiga- 
tio n. The spectra in this w ork were also tested for pressure shifts, 
see lAldenius et al. (2006), but no shifts were noted within 0.8 to 
1 .2 torr. In this investigation the difference in wavenumber be- 
tween allowed transitions is used to determine the energy of the 
metastable levels and thus possible effects of pressure shifts on 
the higher odd levels become negligible. 



3.3. Fitting of energy levels 

For each species an energy level system was simultaneously fit- 
ted to all observed transitions, using a weighted least-square 
method. The weight of the wavenumber of an observed transi- 
tion was based on the inverse variance and the ground state was 
considered fixed at zero energ y with zero u ncertainty. The pro- 
cedure is described in detail in Oberg (2007) and is based on the 
method proposed by Radziemski et al. (1972). Ritz wavenum- 
bers could then be derived from the fitted energy levels and the 
difference between these and the observed wavenumbers could 
be studied, see Fig.|4]for Fe n. Observed transitions which clearly 
deviated from the Ritz wavenumber (|cr Ritz - cr ^\ > 1.5s b s ) 
where investigated more thoroughly. If they showed any asym- 
metry in the observed profile or had a signal-to-noise ratio below 
10 they were removed from the fitting procedure and the energy 
system was re-analyzed. This was done to avoid the influence 
from possible unknown unresolved blends, which could shift 
the wavenumber of the observed transition. Since all transitions 
were observed in several spectra, with different light source pa- 
rameters, there were enough transitions to accurately determine 
the energy levels. For the cases of a transition being measured 
in several spectral acquisitions all of the observed wavenumbers 
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Fig. 4. The difference between calculated Ritz wavenumbers and 
observed wavenumbers for the observed UV Fe n lines. The x- 
axis is ordered in the four different lower terms and increases 
with the energy of the lower level and the observed wavenumber 
of the transition. The larger and smaller error bars represent the 
uncertainties in the observed wavenumbers and Ritz wavenum- 
bers, respectively. 



were included in the fit of energy levels instead of first calculat- 
ing a weighted mean. 

For Fe n 96 different allowed transitions were used for de- 
termining the energy levels. The majority of the transitions 
were observed in at least two spectral recordings, and there- 
fore in total 223 observed spectral lines, ranging from 31000 
to 44400 cm -1 , were used in the analysis of Fe n. The transitions 
to the a 4 P term have com parably low transition probabilities (see 
e.g. lKurucz&Belllll995l) and therefore appear as weak (S/N»;5- 
50), or not detectable, lines in the spectra acquired with Ar as the 
carrier gas in the HCL. To compensate for this recordings with 
pure Ne as the carrier gas were used, to increase the S/N of the 
observed lines. The values of the a 4 P levels are therefore only 
slightly less accurate than the energies belonging to the lowest 
terms (a 6 D, a 4 F and a 4 D). In Fig. [4] the difference between the 
calculated Ritz wavenumbers and the measured wavenumbers 
for the 223 observed lines is shown. The figure is divided into 
four parts showing transitions to the four different lower terms. 
The transitions to the three lowest terms show mostly small er- 
ror bars and are closely placed around zero difference, while the 
transitions to a 4 P show a larger variance and a higher relative 
number of transitions with larger error bars. This is due to the 
weaker observed transitions to this term. The final values of the 
Fe n energy levels are presented in Table [3] together with the un- 
certainties and the number of observed spectral features used for 
determining each energy level. 

For Ti ii 65 different allowed transitions were used for deter- 
mining the energy levels. The majority of these transitions were 
observed in at least two spectral recordings, and therefore in total 
110 observed spectral lines, ranging from 28500 to 39600 cm -1 , 
were used in the analysis of Tin. The two lowest terms in Tin 
(a 4 F and b 4 F) are close in energy, within 1200 cm -1 , but they 
belong to different configurations (3d 2 ( 3 F)4s and 3d 3 respec- 
tively). This means that the corresponding transitions to the two 
terms are close in wavenumbers and the intensity response in 
the spectra should be similar. Thus, the difference in observed 
line strength depend mainly on the difference in transition prob- 
abilities to the different terms. The transitions (within the stated 
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Fig. 5. The difference between calculated Ritz wavenumbers and 
observed wavenumbers for the observed UV-visible Ti n lines. 
See Fig.|4]for description of x-axis and error bars. 
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Fig. 6. The difference between calculated Ritz wavenumbers and 
observed wavenumbers for the observed UV-visible Crn lines. 
See Fig.|4]for description of x-axis and error bars. 



wavenumber interval) to the ground term have in general higher 
branching fractions ( and thus higher transition probabilities) 
dPickering et al.ll2~00ll) . but in most cases both kinds of transi- 
tions were clearly visible with high S/N (>100). This resulted in 
energy levels with similar uncertainties for both lower terms. In 
Fig.[5]the differences between the calculated Ritz wavenumbers 
and the observed wavenumbers for the 110 measured lines are 
shown. The figure is divided into two parts showing transitions to 
the two different lower terms. The transitions to both lower terms 
show mostly small error bars and are closely placed around zero 
difference. For the lowest term (a 4 F) there are slightly more tran- 
sitions and the relative number of observed wavenumbers with 
low uncertainty is also slightly higher. This difference has, how- 
ever, a small impact on the uncertainties of the energy levels. The 
final values of the Ti n energy levels are presented in Table|4] to- 
gether with the uncertainties and the number of observed spec- 
tral features used for determining each energy level. 

For Cm 12 different allowed transitions were used for deter- 
mining the energy levels. The majority of these transitions were 
observed in at least two spectral recordings, and therefore in total 
46 observed spectral lines, ranging from 36100 to 48600 cm -1 , 
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Table 3. Low lying Fe n energy levels of even parity 



Config. 


Term 


J 


Energy 


Unc. 


Lines" 








(cm- 1 ) 


(cm- 1 ) 


(#~ 



12* 
25 
27 
16 
13 

6 
10 
10 

7 
18 
20 
20 

7 
15 
10 

7 



" Number of observed spectral features used in the determination of 
the energy 
* Energy set to zero by definition 

Table 4. Low lying Ti n energy levels of even parity 



Config. 


Term 


J 


Energy 


Unc. 


Lines" 








(cm- 1 ) 


(cm- 1 ) 


(#) 


3d 2 ( 3 F)4s 


a 4 F 


3/2 








151 






5/2 


94.1105 


0.0006 


18 






7/2 


225.7014 


0.0007 


19 






9/2 


393.4442 


0.0008 


14 


3d 3 


b 4 F 


3/2 


907.9646 


0.0008 


6 






5/2 


983.9127 


0.0006 


16 






7/2 


1087.3530 


0.0007 


13 






9/2 


1215.8304 


0.0009 


9 



" Number of observed spectral features used in the determination of 
the energy 
* Energy set to zero by definition 



were used in the analysis of Cr n. As discussed in the introduc- 
tion to Sect.[3]only transitions from one upper term was used for 
the determination of the energy levels of the two lowest terms 
in Cr ii, but since four different acquired spectra were used the 
minimum number of observed lines used to determine an en- 
ergy level was four. However, the uncertainties for the Cr n en- 
ergy levels are somewhat higher than for most lower levels in 
Fen and Tin, due to the lack of transitions. In Fig. [6] the dif- 
ference between the calculated Ritz wavenumbers and the ob- 
served wavenumbers for the 46 measured lines is shown. The 
figure is divided into two parts showing transitions to the two 
different lower terms. As the number of different transitions is 
much lower in this figure than in Fig. [4] and [5] the separate tran- 
sitions can be distinguished. There is a clear pattern with groups 
of four observed lines (since four different spectra was used for 
most transitions). The decrease in cr Ritz - cr (, s within a group is 
evident and is a consequence to the way the x-axis is ordered 
(with increasing lower level and increasing observed wavenum- 
ber). It can also be noted that the scatter between the observed 
wavenumber, measured in different spectra, for the same transi- 
tion is small and depend mostly on the wavenumber calibration 
of the different spectra. The final values of the Cr n energy levels 



Table 5. Low lying Cr n energy levels of even parity 



Config. 


Term 


J 


Energy 


Unc. 


Lines" 








(cm- 1 ) 


(cm- 1 ) 


(#) 


3d 5 


a 6 S 


5/2 








12^ 


3d 4 ( 5 D)4s 


a 6 D 


1/2 


11961.7452 


0.0012 


4 






3/2 


12032.5433 


0.0009 


8 






5/2 


12147.7694 


0.0009 


10 






7/2 


12303.8192 


0.0008 


8 






9/2 


12496.4549 


0.0011 


4 



" Number of observed spectral features used in the determination of 
the energy 
b Energy set to zero by definition 



are presented in Table [3] together with the uncertainties and the 
number of observed spectral features used for determining each 
energy level. 

3.4. Ritz wavelengths 

Ritz wavelengths are wavelengths derived from experimentally 
established energy levels. For Fe n, Ti n and Cr n the energy lev- 
els of the lowest even LS terms have been accurately determined 
in this work. Within and between these terms Ml and E2 transi- 
tions can occur following the transition rules in Table [2] For all 
possible Ml and E2 transitions the vacuum Ritz wavelength was 
calculated using the energy levels in Table [3] |4] and [5] 

For Fe n this resulted in a total number of 97 different parity- 
forbidden transitions within a wavelength range of 0.74-87 /im. 
For most of t hese transitions the transition probability has been 
calculated by Ouin et et~aT] d!996l) . who included only transitions 
for which Ap was greater than 0.001s 1 . In addition to these 
Ouin et et"ai] ([1996) also included transition probabilities for a 
couple of weaker infrared transi t ions f or comparison with the 
values by iNussbaumer & Storevl dl988l) . The published transi- 
tion probabilities are the sum of both Ml and E2 transitions 
(if both contributed) and to be included the different types of 
radiation for a given transition h ad to be at least 1 % of the 
sum of Ml and E2 contributions. Ouin et et al . (1996) published 
both Superstructure and relativistic Hartree-Fock calculations 
for comparison, but states that the Superstructure calculations 
should be more accurate. Therefore, we have chosen to only 
present these. The new Fe n Ritz wavelengths toge ther with the 
transit ion probabilities and radiation types from lOuinet et alj 
d 19961) are presented in Table [6] sorted by multiplet. 

For Ti ii a total number of 24 different parity-forbidden tran- 
sitions are presented. The wavelength range of the transitions 
is 8.9-130//m. Unfortunately, to our knowledge, no transition 
probabilities for these transitions have been published. The new 
Tin Ritz wavelengths are presented in Table [7] sorted by multi- 
plet. 

For Cr n a total number of 12 different parity-forbidden tran- 
sitions, within a wavelength range of 0.80-140jt/m, are pre- 
sented. Calculated transition probabilities fo r the a 6 S-a 6 D transi- 
tions have been published bv lOuinell dl997l) . using a pseu do rel- 
ativist ic Hartree-Fock method. As for the Fe n transitions lOuinetl 
d 19971) only included transitions for which Ajy was greater than 
0.001 s _1 , and the published transition probabilities are the sum 
of both Ml and E2 transitions (if both contributed). The new 
Cr ii Ritz wavelengths t ogether with th e transition probabilities 
and radiation types from Ouinet ( 1997) are presented in Table[8] 
sorted by multiplet. 



3d 6 ( 5 D)4s a 6 D 



3d 7 a 4 F 



3d 6 ( 5 D)4s a 4 D 



3d 7 a 4 P 



Q 11 
"1 L 


n 


u 


/// 


JoH-. 1 oDo 


O 0007 

u.uuu / 


5/? 


667 68^0 
uu / .uo j\j 


0008 


3/? 


86? 6108 

OUZ..U J. uo 


0000 

U.UUU7 


1/Z 


Q77 04RQ 


0010 


9/2 


1 872 6005 


0.0013 


7/2 


2430.1369 


0.0013 


5/2 


2837.9803 


0.0014 


3/2 


3117.4889 


0.0015 


7/2 


7955.3189 


0.0012 


5/2 


8391.9562 


0.0012 


3/2 


8680.4708 


0.0013 


1/2 


8846.7822 


0.0015 


5/2 


13474.4487 


0.0013 


3/2 


13673.2019 


0.0014 


1/2 


13904.8598 


0.0016 



Aldenius and Johansson: Ritz wavelengths of forbidden lines 



7 



3.5. Wavelengths in air 

Deriving the vacuum Ritz wavelengths from the experimentally 
determined energy levels is straight forward, since 

A mc = 10 8 x - , (2) 

cr 

where /l vac is in A and cr is in crrT 1 . The air wavelengths are, 
on the other hand, depending on the refractive index of air, n, so 
that 

A* = 10 8 x — . (3) 
ncr 

The refractive index of air has been investi gated at lengt h 
(see e.g. lEdlenl dl966l): iBirch & Downs! (Il993h : ICiddoil (119961) : 
Bonsch & Pot ulskil d 19981) ) and is accurately determined for the 
Visible to UV wavelength range, where the correction from vac- 
uum to air is small. However for the infrared region the cor- 
rections become larger and the refractive index is not known to 
as good a ccuracy, due to the effects of water vapor and carbon 
dioxide. ICiddorl ( 1 19961) focused on the visible to near infrared 
region, but stat es that the results ag reed with the modified Edlen 
equations bv lBirch & Downs! (1 19941) . We have chosen to present 
the va cuum wavelengths toge ther with air wavelengths derived 
by the Birch & Downs ( 1994) formula (based on the formula by 
EdlerJ ( 119661) ) for dry air (0.045 % by volume of carbon dioxide) 
at 15°C and atmospheric pressure, a s recommen ded by the CRC 
handbook of Chemistry & Physics (Lide 2006). Note however 
that the accuracy for wavelengths longer than 2 yum is decreasing. 
The refractive index of air is depending on e.g. the temperature, 
pressure and humidity so for accurate use of air wavelengths the 
correct value should be calculated from the wavenumbers or the 
vacuum wavelengths. 

4. Uncertainties 

The Ritz wavelengths presented in this work are derived from ex- 
perimentally determined energy levels, which in turn are deter- 
mined by the measured wavenumbers of observed spectral lines. 
The uncertainties in the derived Ritz wavelengths for the Ml and 
E2 transitions depend thus on the uncertainties in the measured 
wavenumbers of the observed El transitions. 

4. 1 . Observed wavenumbers 

The uncertainties in the measured wavenumbers of the observed 
El transitions depend on both the uncertainty of the wavenumber 
calibration and on the uncertainty of the determination of the line 
position. The standard deviation s(c r) of the line position cr of a 
fitted line profile can be written as dBraultll 1 9871: Sikstro m et al.l 
12002b 

Vdx _ w 

s(cr) = cio— — yjw = ao-—= , (4) 
o S yn 

where S is the signal-to-noise ratio for the line, dx is the res- 
olution interval and w is the FWHM of the line. The number 
of points across the width of the line is given by n = w/dx. 
cv is a numerical consta nt depending on the shape of the line, 
see lSikstrom et all d2002l) . 

The uncertainty from the calibration is der ived from the 
uncert ainties of the standard wavenumbers by IWhaling et alj 
(119951) and from the uncertainties in the determinations of the 
line positions of the calibration lines in the spectra. With all 



possible systematic effects and uncertainties we used a con- 
servative lower limit of 0.0010cm -1 for the total uncertain- 
ties of the absolute wave numbers of the observed lines, see e.g 
iLearner & Thornd d!988l) . 

The relative wavenumbers can be determined more accu- 
rately, since the uncertainty in the calibration and other sys- 
temati c uncertainties have less significance, see lAldenius et al.l 
d2006l) . This leads to the fact that the energy levels, and Ritz 
wavelengths, can be more accurately determined than the ob- 
served wavenumbers. 

4.2. Energy Levels 

The uncertainties in the fitted energy levels are given by the 
square root of the covariance in the fitting procedure, see lOberj 
(|2007|) . In the least-square fitting routine an additional option 
of modifying the uncertainties of the observed wavenumbers is 
available. Two factors representing global corrections for un- 
derestimated uncertainties are included. This option was not 
used in this investigation, since the uncertainties of the observed 
wavenumbers were conservatively estimated and the calculated 
X 2 values from the least-square fit were clearly smaller than the 
degrees of freedom of the system. 

The uncertainties of the energy levels range from 0.0006 to 
0.0016cirr', where the lowest energies generally were deter- 
mined more accurately due to the larger number of transitions 
connecting them to the ground state. 

4.3. Ritz wavelengths 

Ritz wavenumbers were calculated between energy levels in- 
cluded in the fit and the uncertainty for this wavenumber was 
given by the square root of the variance. The uncertainty of the 
corresponding vacuum wavelength is related to the uncertainty 
of the wavenumber as 

AA vac = 10 8 x — , (5) 
cr 1 

and the wavelength uncertainties therefore increase for lower 
wavenumbers. The uncertainties in the Ritz wavenumbers range 
from 0.0005 to 0.0017 cm -1 , while the uncertainties in the vac- 
uum wavelengths range from 0.00056 to 23 A, depending greatly 
on the wavelength of the transition. 

5. Results 

For Fen the experimentally determined energy levels are pre- 
sented in Table [3] together with the estimated uncertainties. The 
energies range from to 1 3900 cirT 1 and include the four lowest 
terms (a 6 D, a 4 F, a 4 D and a 4 P). The number of observed spectral 
lines used to determine each energy is also stated. Note that this 
number includes one or more observed lines of the same transi- 
tion, since the spectral lines were in general observed in several 
of the acquired spectra. The derived Ritz wavenumbers, wave- 
lengths and uncertainties for the parity-forbidden lines are pre- 
sented in Table [6] to gether with calculated transition probabili- 
ties by lOuinet et al.l d 1996b . An extensive list containing wave- 
lengths of p arity-forbidden Fe n transitions has previously been 
published by Johan ssonl d 1 9771) . who used a combination of grat- 
ing spectroscopy and interferometric measurements. The study 
included wavelengths between 3000 and 12000 A and consisted 
of 281 parity-forbidden t ransitions. For lin es included in both 
our work and the work o f lJohanssonld 19771) . the uncertainties in 
our wavelengths are almost an order of magnitude lower. 
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For Ti ii the energy levels are presented in Table [4] together 
with the estimated uncertainties. The energies range from to 
1200 cm -1 and include the two lowest terms (a 4 F and b 4 F). The 
derived Ritz wavenumbers, wavelengths and uncertainties for 
the parity-forbidden lines are presented in Table[7] No published 
experimental or calculated transition probabilities were available 
for these transitions. 

For Crn the energy levels are presented in Table [3] together 
with the estimated uncertainties. The energies range from to 
12500cm -1 and include the two lowest terms (a 6 S and a 6 D). 
The derived Ritz wavenumbers, wavelengths and uncertainties 
for the parity-forbidden lines are present ed in Ta ble [8] together 
with calculated transition probabilities bv lOuinea d!997l) . 

The predicted strongest lines have been collected into a sep- 
arate finding list arranged by wavelength in Table [9] These tran- 
sitions have been chosen within the 0.76-15/im region, which 
covers both the CRIRES region and part of the SPITZER re- 
gion. Fe ii and Cr n lines, whic h have calculated transition prob- 
abilities larger than 0.002 s 1 (lOuinet et al.ll 1 996t lOuinetll 1 997t) 
are included. Since no transition probabilities are available for 
the Ti ii transitions we have chosen to include the a 4 F-b 4 F tran- 
sitions with A J = 0, ±1 in Table [9] 

6. Conclusions 

Data for forbidden lines in astrophysics are not easy accessible, 
in general, and for the infrared region, in particular. As forbid- 
den lines by definition are associated with parity-forbidden tran- 
sitions between low levels, many of the strongest lines appear in 
the near-infrared (transitions between LS-terms) and in the far- 
infrared (fine-structure transitions) in complex spectra. They are 
of great importance in nebular spectroscopy for studies of chem- 
istry, temperature, density and dynamics of nebular clouds and 
regions. 

To meet the requirements of accurate atomic data in the 
infrared region set by current and future high-resolution spec- 
troscopy we have presented new wavelength measurements for 
forbidden lines of [Fe n], [Crn] and [Fe n]. The data are based on 
revised energy level values obtained from very accurate wave- 
lengths of allowed transitions in the three spectra studied. 

Acknowledgements. We thank KJ. Oberg for the use of his energy levels fitting 
routine and for discussions regarding this. 
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Table 6. Infrared Fen Ritz wavelengths of parity-forbidden transitions. Sorted by multiplet 
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Wavenumber 


Unc. 
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IS /Z.oUUj 


n nm q 
U.UU1 i 


A7/1 

j 34U1.0/4 


U.Ujo 


JJDO /.ll/ 


n Kvin 
y. 1 jX 1U 


-5 


Ml 


a 6 D 9/2 


/It-, 

a 4 F 7/2 





2430 


0/1QO 1 QAO 

Z43U. 1 im 


n nm q 
U.UU1 i 


AflAQ QA A 

41 !4y.y4o 


n m 1 
U.UZ1 


4 1 1 jo. / Zu 


O/i \s 1 n- 
0.U4X 1U 


-5 


Ml 


a 6 D 9/2 


a 4 F 5 / 2 





2837 


Ton ncm 
Zai l.yaUi 


n nn 1 /i 


tcoti; "27A 


n n 1 "7 
U.U1 / 


3jZZd. / 1<5 








a 6 D 7/2 


a 4 F 9/2 


384 


1872 


14o /.olj/ 


n on 1 
U.UUlZ 


/Z1Z. / 1 / 


n n^/i 
U.U34 


A71H/1 QfiA 

D / lV4.oyo 


2Av 1 n- 
5. JOX 1U 


-6 


Ml 


loT-» 

a 6 D 7/2 


a 4 F 7/2 


384 


2430 


on/i ? "2 ?n 1 
ZU4j.jjU1 


n nn 1 
U.UUlZ 


/1Q0O1 QOA 

4ooVl. joo 


n mn 

u.uzy 


,10070 
4oo /o.Uj / 


a 2fiv 1 n- 

o.jyx iu 


-5 


Ml 


a°D 7/2 


a 4 F 5/2 


384 


2837 


O/i ^"2 im^ 


on 1 *2 
U.UUlo 


/i r\7AQ 1 


n no 1 
U.UZ1 


4U IjlX) ly 


1 1 \y 1 n- 
Z.J1X1U 


-5 


Ml 


a 6 D 7/2 


a 4 F 3/2 


384 


3117 


Tin 7Ai/i 
LI iL. /UZU 


n nm /i 
U.UU14 


Q^CQO Q 1 O 

JOJVJ.oIo 


n m 

u.uiy 


JDJOJ.54U 








a 6 Ds/ 2 


a F 9 / 2 


667 


1872 


1 OH/1 O 1 "7/1 

lZU4.y 1 /4 


n nn 1 
U.UUlZ 


oZWj.Zjv 


n no^ 
U.Uoj 


Qomn a 1 7 
ozy /U.Ol / 








a 6 D 5/2 


a 4 F 7/2 


667 


2430 


1762.4538 


0.0012 


56739.075 


0.040 


56723.608 


1.14x10- 


-5 


Ml 


a 6 D 5/2 


a 4 F 5/2 


667 


2837 


2170.2973 


0.0013 


46076.637 


0.028 


46064.076 


3.69x10- 


-5 


Ml 


a 6 D 5/2 


a 4 F 3/2 


667 


3117 


2449.8058 


0.0015 


40819.563 


0.024 


40808.434 


9.87x10- 


-6 


Ml 


a 6 D 3/2 


a 4 F 7/2 


862 


2430 


1567.5261 


0.0013 


63794.792 


0.054 


63777.402 








a 6 D 3/2 


a 4 F 5/2 


862 


2837 


1975.3695 


0.0014 


50623.440 


0.036 


50609.639 


8.89x10- 


-6 


Ml 


a 6 D 3/2 


a 4 F 3/2 


862 


3117 


2254.8780 


0.0015 


44348.297 


0.030 


44336.206 


1.51x10- 


-5 


Ml 


a 6 D, /2 


a 4 F 5/2 


977 


2837 


1860.9314 


0.0015 


53736.531 


0.042 


53721.883 








a 6 D 1/2 


a 4 F 3/2 


977 


3117 


2140.4399 


0.0016 


46719.368 


0.035 


46706.631 


3.74x10- 


-6 


Ml 


a 6 D 9/2 


a 4 D 7/2 





7955 


7QCC O 1 OQ 


n nm 
U.UUlZ 


1 7^7H onA/i 
IZj /U.ZU04 


n nm q 

u.uuiy 


IZjoo. ;ool 


/i 7/i 1 n - 
4. /4X 1U 


-3 


A/f 1 

Ml 


a D 9/2 


a 4 D 5/2 





8391 


0"2O1 n^AO 


n nn 1 
U.UUlZ 


1 1 n 1 a 1 tio 
1 IV lo. 1 /Zo 


n nn 1 
U.UU18 


1 inn nm 

1 iy iz.y 1Z1 


^ qa w 1 n- 
D.o4X 1U 


-6 


riZ 


a D 7/2 


a 4 D 7/2 


384 


7955 


HZ.Ht\ ?^20 1 
/J /U.jJZl 


n nn 1 1 
U.UU1 1 


1 ^ 7 no 1 1 n 

uzuv.i 1 1Z 


n nmn 
U.UUZU 


1 2on^ /inn/i 
1 JZUj.4yy4 


l.jlXlU 


-3 


A/f 1 

Ml 


a D 7/2 


a 4 D 5/2 


384 


8391 


on/n 1 An/1 

oUU/. 105*4 


n nn 1 
U.UUlZ 


lZ4oo.oU/V 


n nn 1 
U.UUlo 


1 7^0C /jn 1 H 

1Z483. iy 1 / 


j. /oX 1U 


-4 


A/f 1 

Ml 


a D D 7/2 


a 4 D 3/2 


384 


8680 


oonc AO/in 
oZyj.oS4U 


n nn 1 
U.UUlZ 


1ZUD4.401 1 


n nn 1 
U.UUlo 


1 7/i? 1 1 Aon 
IZUM.loZy 


7 A7w 1 n- 
Z.oZX 1U 


-6 


C7 

riZ 


a 6 D 5/2 


a 4 D 7/2 


667 


7955 


1 La 1.033a 


n nm 
U.UUlZ 


1 'ST') 1 C7 1 

lo /ZI.o /1Z 


n nmo 
U.UUZZ 


1 "2"7 1 q 1 on 1 
1 j /lo. 1ZU1 


Q -17w 1 

5.4ZX 1U 


-4 


A/f 1 

Ml 


a D D 5 / 2 


a 4 D 5/2 


667 


8391 


ooo/i 772 1 
/ /Z4.Z / jl 


n nm 
U.UUlZ 


izy4t>.zuzu 


n nmn 
U.UUZU 


1 OO/IO AA1 A 

lZy4Z.061o 


l.VoX 1U 


-3 


A/f 1 

Ml 


a 6 n. 

<* ^5/2 


a D3/2 


667 


8680 


OO 1 O HQHH 

aviLZ./a/ 1 


n nn 1 2 
U.UUlo 


1 o/i on 1 1 
1Z4oU.Uj1 1 


n nmn 
U.UUZU 


1 O/IOA A2"7Q 

1Z4/0.00 /o 


A A/In/ 1 n - 

4.D4X 1U 


-5 


A/f 1 

Ml 


a 6 D 5/2 


a 4 D 1/2 


667 


8846 


8179.0992 


0.0015 


12226.2853 


0.0022 


12222.9404 








a 6 D 3/2 


a 4 D 7/2 


862 


7955 


7092.7081 


0.0013 


14098.9871 


0.0025 


14095.1335 








a 6 D 3/2 


a 4 D 5/2 


862 


8391 


7529.3454 


0.0013 


13281.3671 


0.0023 


13277.7357 


1.17x10" 


-3 


Ml 


a 6 D 3/2 


a 4 D 3/2 


862 


8680 


7817.8600 


0.0014 


12791.2242 


0.0022 


12787.7260 


2.45x10" 


-3 


Ml 


a 6 D 3/2 


a 4 D 1/2 


862 


8846 


7984.1714 


0.0016 


12524.7812 


0.0024 


12521.3552 


6.46x10" 


-4 


Ml 


a 6 D 1/2 


a 4 D 5/2 


977 


8391 


7414.9073 


0.0014 


13486.3453 


0.0025 


13482.6582 








a 6 D, /2 


a 4 D 3/2 


977 


8680 


7703.4219 


0.0014 


12981.2441 


0.0024 


12977.6942 


1.08x10" 


-3 


Ml 


a 6 D 1/2 


a 4 D 1/2 


977 


8846 


7869.7333 


0.0016 


12706.9109 


0.0026 


12703.4355 


3.32x10" 


-3 


Ml 


a D D 9/2 


Art 

a 4 P 5/2 





13474 


1 Q/17/1 AAQH 

1 34 /4.44o / 


n nm q 
U.UU1 i 


/4Z1.4jJoy 


U.UUU/Z 


7/1 1 Q A 1 H77 

/41V.41UZZ 








a°D 7/2 


Art 

a 4 P 5/2 


384 


13474 


1 ^flQQ AA 1 Q 

ijuov.ooiv 


n nm 
U.UUlZ 


TA'SQ A 1 f^.nC\ 

/Djy.oio /U 


U.UUU / j 


7A^7 ^ 1 /I 1 O 

/oj /.5141V 


a A/i \^ 1 n- 
d.d4X 1U 


-3 


A/f 1 

Ml 


a D D 7/2 


Art 

a 4 P 3/2 


384 


13673 


1 QTOO A 1 ^7 


n nn 1 a 
U.UU14 


/ jZj. JjIoo 


U.UUU / / 


7^7^ Ton 1 C\ 

I jZj.ZoUIV 


V.ZjX 1U 


-5 


nZ 


a L>5/ 2 


a F5/2 


00 / 


1 1 /1 7 A 

134 /4 


1 tcha 7A^7 
IZoUo. /CO / 


n nn 1 ^2 
U.UUlo 


/0U0.0 /Z /o 


U.UUU /o 


70HA 77/1AO 

/oUo.ZZ4oo 


1 iriv 1 n- 
l.ZUX 1U 


-4 


A/T 1 CO 


a 6 D 5/2 


a 4 P 3/2 


667 


13673 


1 ^005 "SI 89 

1 J UVJ J .J107 


0.0014 


/ U07.UTJtJ 






U.U 1 A IV/ 


-3 


Ml 


a 6 D 5/2 


a 4 Pi /2 


667 


13904 


13237.1768 


0.0016 


7554.48095 


0.00092 


7552.40140 


2.03x10- 


-4 


E2 


a 6 D 3/2 


a 4 P 5/2 


862 


13474 


12611.8379 


0.0014 


7929.05843 


0.00086 


7926.87779 


5.02x10' 


-4 


Ml 


a 6 D 3/2 


a 4 P 3/2 


862 


13673 


12810.5912 


0.0015 


7806.04101 


0.00090 


7803.89359 


3.76x10- 


-4 


M1,E2 


a 6 D 3/2 


a 4 Pi /2 


862 


13904 


13042.2491 


0.0017 


7667.38923 


0.00099 


7665.27922 


6.23x10- 


-3 


Ml 


a 6 D, /2 


a 4 P 5/2 


977 


13474 


12497.3998 


0.0014 


8001.66445 


0.00091 


7999.46420 


6.69x10 


-6 


E2 


a 6 D, /2 


a 4 P 3/2 


977 


13673 


12696.1531 


0.0015 


7876.40158 


0.00095 


7874.23516 


9.80x10- 


-4 


Ml 


a 6 D, /2 


a 4 Pi /2 


977 


13904 


12927.8110 


0.0017 


7735.2616 


0.0010 


7733.1333 


1.93x10- 


-3 


Ml 



Table 6. continued. 
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Transition 


Energy (cm 


Wavenumber 


Unc. 


^vac 


Unc. 




A, k c 




Type 


Lower 


Upper 


Lower 


Upper 


(cm ') 


(cnr 1 ) 


(A) 


(A) 


(A) 


/ 1 \ 

(s ') 






a 4 F 9/2 


a 4 F 7/2 


1872 


2430 


557.5364 


0.0008 


179360.49 


0.27 


179311.60 


5.84x10" 


-3 


Ml 


a 4 F 9/2 


a 4 F 5/2 


1872 


2837 


965.3798 


0.0010 


103586.17 


0.11 


103557.94 








a 4 F 7/2 


a 4 F 5/2 


2430 


2837 


407.8434 


0.0009 


245192.12 


0.52 


245125.29 


3.92x10- 


-3 


Ml 


a 4 F 7/2 


a 4 F 3/2 


2430 


3117 


687.3519 


0.0011 


145485.88 


0.23 


145446.22 








a 4 F 5/2 


a 4 F 3/2 


2837 


3117 


279.5085 


0.0010 


357770.9 


1.2 


357673.4 


1.41x10- 


-3 


Ml 


a rg/2 


a u-j/2 


1 Sill 
lo 1 L 


7Q^ 

17 J J 


608? 71 84 

VJVJOZ.. / 1 Oi^ 


0.0007 


16440 0180 

1 \J'-t L T\J . VJ 1 OVJ 


00? 

VJ.VJVJZ.17 


16435 5?79 

IVJt^J ~J • JZ / 7 


5 98x10- 

J.70A 1 VJ 


-3 


E2 


a r 9 /2 


a L) 5 /2 


1 Sill 
lo /Z 


SilQ 1 


6519 3557 

UJ 17.JJJ / 


0008 

VJ. VJVJVJO 


1 5338 9391 


0.0019 


1 SWA 7484 


3.12x10- 


-3 


E2 


a r 7 / 2 


a D 7/ 2 


1A 


17 J J 


5595 1 870 

JJZ.J. 1 OZ.VJ 


0.0007 


1 8098 951 3 


0.0023 


1 8094 0099 

1 0\J7^'\J\>77 


1.32x10- 


-3 


E2 


a r 7/2 


a Us/2 




S^Q 1 

OJ7V 


5961 8193 


0.0007 


16773 4034 

1 VJ / / *J . "TVJ -J ■ 


00? 


16768 8??6 

± VJ / VJO . O VI 


2.49x10" 


-3 


E2 


a 4 F 7 n 


a 4 D 3/2 


2430 


8680 


6750 3339 


0008 

VJ. VJVJVJO 


1 5999 1453 

U 7 7 7 . 1 J 


00? 


1 5994 7751 


4.18x10- 


-3 


E2 


a 4 F 5/2 


a 4 D 7/2 


2837 


7955 


5117.3386 


0.0009 


19541.4079 


0.0033 


19536.0740 


1.46x10- 


-4 


E2 


a 4 F 5/2 


a 4 D 5/2 


2837 


8391 


5553.9759 


0.0008 


18005.1197 


0.0025 


18000.2038 


1.82x10- 


-3 


E2 


a 4 F 5/2 


a 4 D 3/2 


2837 


8680 


5842.4904 


0.0007 


17115.9886 


0.0022 


17111.3147 


1.18x10- 


-3 


E2 


a 4 F5 /2 


a 4 D 1/2 


2837 


8846 


6008.8019 


0.0010 


16642.2527 


0.0027 


16637.7076 


4.75x10- 


-3 


E2 


a 4 F 3/2 


a 4 D 7/2 


3117 


7955 


4837.8301 


0.0011 


20670.4243 


0.0045 


20664.7831 








a 4 F 3/ 2 


a 4 D 5/2 


3117 


8391 


5274.4674 


0.0010 


18959.2603 


0.0034 


18954.0849 


2.98x10" 


-4 


E2 


a 4 F 3 /2 


a 4 D 3/2 


3117 


8680 


5562.9820 


0.0009 


17975.9706 


0.0028 


17971.0627 


2.12x10- 


-3 


E2 


a 4 F 3/2 


a 4 D 1/2 


3117 


8846 


5729.2934 


0.0010 


17454.1593 


0.0030 


17449.3933 


2.47x10- 


-3 


E2 


a 4 F9/2 


a 4 P 5 /2 


1872 


13474 


1 1601 8483 

1 1 VJVJ I . OtOJ 


0.0009 


8619 31631 


00067 

VJ.VJVJVJVJ / 


861 6 9491 5 

OVJ 1 \J.7^7 1 -J 


3 56x10- 

D .-J 1 VJ 


-2 


E2 


a 4 F 7/2 


a 4 P 5 /2 


2430 


13474 


11044.3119 


0.0008 


9054.43465 


0.00068 


9051.94977 


8.83x10- 


-3 


M1,E2 


a 4 F 7/2 


a 4 P 3/2 


2430 


13673 


11243.0651 


0.0010 


8894.37171 


0.00076 


8891.93015 


2.21x10- 


_2 


E2 


a 4 F 5/2 


a 4 P 5/2 


2837 


13474 


10636.4684 


0.0009 


9401.61678 


0.00082 


9399.03793 


1.68x10- 


-3 


M1,E2 


a 4 F 5/2 


a 4 P 3/2 


2837 


13673 


10835.2216 


0.0010 


9229.16055 


0.00088 


9226.62838 


1.29x10 


-2 


E2 


a 4 F 5/2 


a 4 Pi /2 


2837 


13904 


11066.8795 


0.0013 


9035.97077 


0.0010 


9033.4909 


1.61x10 


-2 


E2 


a F 3/2 


a 4 P 5 /2 


3117 


13474 


10356.9599 


0.0011 


9655.3429 


0.0010 


9652.6954 


1.37x10- 


-4 


E2 


a F 3 /2 


a r 3 /2 


31 17 


13673 


1ACCC Till 

10555. /131 


0.0012 


9473.5428 


0.001 1 


C\AHf\ C\A A A 

94/0.9444 


3.65x10" 


-3 


E2 


a F 3 /2 


d r 1/2 


31 17 


13904 


10787.3710 


0.0014 


9270.0992 


0.0012 


9267.5560 


2.13x10" 


-2 


E2 


a 4 D 7/2 


a 4 D 5/2 


7955 


8391 


436.6373 


0.0007 


229023.03 


0.35 


228960.61 


2.56x10- 


-3 


Ml 


a 4 D 7 /2 


a 4 D 3/2 


7955 


8680 


725.1519 


0.0008 


137902.14 


0.15 


137864.56 








a 4 D 5/2 


a 4 D 3/2 


8391 


8680 


288.5146 


0.0007 


346602.93 


0.79 


346508.46 


1.36x10' 


-3 


Ml 


a 4 D 5/2 


a 4 D 1/2 


8391 


8846 


454.8261 


0.0010 


219864.27 


0.48 


219804.35 








a 4 D 3/2 


a 4 D 1/2 


8680 


8846 


166.3115 


0.0009 


601281.4 


3.2 


601117.6 


3.71x10- 


-4 


Ml 


a j2 


a F5/2 


70^ 

17 


1 1A1A 


5519 1799 

J -J 1 7 . 1 ^77 


0.0007 


18118 798? 

lul IO. / 7Ui. 


0.0024 


1 81 1 3 8514 

lul 1 J.OJ It 


? ?3x10- 


-3 


Ml E2 


a L>7/2 


Q 4 P 

a r 3/2 


70^ 

17 


IjO / J 


5717 8831 

1 L 1 . UUJ J. 


0.0009 


17488 9900 

-L / T^lJO . 7 J \J\J 


0028 


174R4 2146 


2 25x10- 


-3 


E2 


a 4 D 5/2 


a 4 P 5 /2 


8391 


13474 


508? 4976 


0.0007 


19675 3854 

1 7\J 1 J . jOJi 1 


00? 8 

VJ. VJVJZ.O 


19670 0151 


1 06x10- 

1 .\J\J/\ 1 VJ 


-3 


Ml E2 


a 4 D 5/2 


a 4 P 3/2 


8391 


13673 


5281.2458 


0.0009 


18934.9264 


0.0032 


18929.7575 


6.28x10 


-5 


M1,E2 


a 4 D 5/2 


a 4 Pi /2 


8391 


13904 


5512.9037 


0.0012 


18139.2612 


0.0038 


18134.3089 


2.76x10" 


-3 


E2 


a 4 D 3/2 


a 4 P 5/2 


8680 


13474 


4793.9780 


0.0008 


20859.5034 


0.0036 


20853.8108 


3.67x10" 


-4 


M1,E2 


a 4 D 3/2 


a 4 P 3/2 


8680 


13673 


4992.7312 


0.0010 


20029.1176 


0.0039 


20023.6509 


6.35x10- 


-4 


M1,E2 


a 4 D 3/2 


a 4 Pi /2 


8680 


13904 


5224.3891 


0.0012 


19140.9940 


0.0043 


19135.7690 


9.09x10- 


_4 


E2 


a 4 Di /2 


a 4 P 5/ 2 


8846 


13474 


4627.6665 


0.0011 


21609.1630 


0.0052 


21603.2663 


3.36x10 


-5 


E2 


a 4 D, /2 


a 4 P 3/2 


8846 


13673 


4826.4197 


0.0012 


20719.2921 


0.0053 


20713.6376 


5.77x10- 


-4 


M1,E2 


a 4 D 1/2 


a 4 Pi /2 


8846 


13904 


5058.0776 


0.0014 


19770.3569 


0.0054 


19764.9607 


4.04x10 


-5 


Ml 


a 4 P 5 / 2 


a 4 P 3/2 


13474 


13673 


198.7532 


0.0010 


503136.5 


2.4 


502999.4 


1.86x10 


-4 


Ml 


a 4 P 5 /2 


a 4 Pi /2 


13474 


13904 


430.4111 


0.0012 


232336.01 


0.67 


232272.68 








a 4 P 3/2 


a 4 Pi /2 


13673 


13904 


231.6579 


0.0014 


431671.0 


2.6 


431553.4 


5.51x10- 


-4 


Ml 



Truncated energy. For more exact value see Table [3] 

* /l a i, is calculated from the wavenumber using the modified Edlen (1966) dispersion formula bv lBirch & Downs! ( 19941) for standard air 
Transition probabilities taken from the Superstructure calculations bv lOuinet et alJ dl996) 
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Table 7. Infrared Ti n Ritz wavelengths of parity-forbidden transitions. Sorted by multiplet 



Transition 


Energy (. 


zm- l ) a 


Wavenumber 


Unc. 


^vac 


Unc. 


'lair b 


Lower 


Upper 


Lower 


Upper 


(cm- 1 ) 


(cm- 1 ) 


(A) 


(A) 


(A) 


a 4 F 3/2 


a 4 F 5/2 





94 


94.1105 


0.0006 


1062580.5 


6.3 


1062290.9 


a 4 F 3/2 


a 4 F7/2 





225 


225.7014 


0.0007 


443063.3 


1.3 


442942.5 


a 4 F 5/2 


a 4 F 7/2 


94 


225 


131.5909 


0.0005 


759931.1 


3.0 


759724.0 


a 4 F 5/2 


a 4 F 9/2 


94 


393 


299.3337 


0.0007 


334075.32 


0.76 


333984.27 


a 4 F7/2 


a 4 Fij/ 2 


225 


393 


167.7428 


0.0006 


596150.7 


2.1 


595988.2 



a 4 F 3/2 
a 4 F 3/2 
a 4 F 3/2 
a 4 F 5/2 
a 4 F 5/2 
a 4 F 5/2 
a 4 F 5/2 
a 4 F 7/2 
a 4 F 7/2 
a 4 F 7/2 
a 4 F 7/2 
a 4 Fc, /2 
a 4 F 9/2 



r 9 /2 



3/2 



b 4 F 

b 4 F 3/2 
b 4 F 5/2 
b 4 F 5/2 
b 4 F 7/2 



D r 3 / 2 

b 4 F 5/2 
b 4 F 7/2 
b 4 F 3/2 
b 4 F 5/2 
b 4 F 7/2 
b 4 F 9/2 
b 4 F 3/2 
b 4 F 5/2 
b 4 F 7/2 
b 4 F 9/2 
b 4 F 5/2 
b 4 F 7/2 
b 4 F 9/2 

b 4 F 5/2 
b 4 F 7/2 
b 4 F 7/2 
b 4 F 9/2 
b 4 F 9/ , 






94 
94 
94 
94 
225 
225 
225 
225 
393 
393 
393 

907 
907 
983 
983 
1087 



907 
983 
1087 
907 
983 
1087 
1215 
907 
983 
1087 
1215 
983 
1087 
1215 

983 
1087 
1087 
1215 
1215 



907.9646 
983.9127 

1087.3530 
813.8540 
889.8021 
993.2425 

1121.7199 
682.2632 
758.2113 
861.6516 
990.1290 
590.4684 
693.9088 
822.3862 

75.9481 
179.3884 
103.4403 
231.9177 
128.4774 



0.0008 
0.0006 
0.0007 
0.0008 
0.0005 
0.0006 
0.0008 
0.0009 
0.0006 
0.0005 
0.0007 
0.0007 
0.0006 
0.0006 

0.0009 
0.0009 
0.0007 
0.0008 
0.0008 



110136.46 
101635.038 

91966.455 
122872.15 
112384.535 
100680.350 

89148.817 
146571.01 
131889.36 
116056.188 
100996.941 
169357.06 
144111.16 
121597.375 

1316689. 
557449.6 
966740.9 
431187.4 
778347.0 



0.10 

0.066 

0.063 

0.12 

0.066 

0.061 

0.062 

0.19 

0.10 

0.074 

0.072 

0.21 

0.13 

0.087 

15. 
2.9 
6.2 
1.5 
4.6 



110106.44 
101607.335 

91941.388 
122838.66 
112353.903 
100652.908 

89124.518 
146531.06 
131853.41 
116024.555 
100969.413 
169310.90 
144071.88 
121564.232 

1316330. 
557297.6 
966477.4 
431069.9 
778134.9 



" Truncated energy. For more exact value see Table|4] 

b /l ail is calculated from the wavenumber using the modified Edle3 i 19661) dispersion formula bv lBirch & Downs! i 19941) for standard air 



Aldenius and Johansson: Ritz wavelengths of forbidden lines, Online Material p 5 
Table 8. Infrared Cm Ritz wavelengths of parity-forbidden transitions. Sorted by multiplet 



Transition Energy (cm 1 )" 


Wavenumber 


Unc. 


^vac 


Unc. 


i b 
'lair 


A, k c 


Type 


Lower Upper Lower Upper 


(cm- 1 ) 


(cm 4 ) 


(A) 


(A) 


(A) 


(s- 1 ) 





a s S 5/2 


a 6 D 1/2 





11961 


11961.7452 


0.0012 


8359.98415 


0.00083 


8357.68710 


8.40x10^ 


E2 


a 6 S J/2 


a 6 D 3/2 





12032 


12032.5433 


0.0009 


8310.79498 


0.00065 


8308.51122 


8.65xl0 2 


E2 


a 6 S 5/2 


a s D 5/2 





12147 


12147.7694 


0.0009 


8231.96395 


0.00058 


8229.70150 


9.10xl0 2 


E2 


a 6 S J/2 


a D7/2 





12303 


12303.8192 


0.0008 


8127.55768 


0.00056 


8125.32343 


9.76xl0~ 2 


E2 


a s S 5/2 


a 6 D 9/2 





12496 


12496.4549 


0.0011 


8002.26949 


0.00071 


8000.06908 


1.06x10-' 


E2 


a s D 1/2 


a 6 D 3/2 


11961 


12032 


70.7981 


0.0011 


1412467. 


23. 


1412083. 






a 6 D ir 


a 6 D 5/ 2 


11961 


12147 


186.0243 


0.0011 


537564.3 


3.3 


537417.8 






a 6 D 3/2 


a 6 D 5/2 


12032 


12147 


115.2262 


0.0009 


867858.4 


6.6 


867621.8 






a 6 D 3/2 


a 6 D 7/2 


12032 


12303 


271.2759 


0.0010 


368628.4 


1.4 


368527.9 






a 6 D J/2 


a 6 D 7/2 


12147 


12303 


156.0497 


0.0009 


640821.3 


3.8 


640646.6 






a s D 5/ , 


a s D 9/2 


12147 


12496 


348.6855 


0.0012 


286791.4 


1.0 


286713.2 






a 6 D 7/2 


a 6 D 9/2 


12303 


12496 


192.6358 


0.0011 


519114.4 


2.9 


518972.9 







" Truncated energy. For more exact value see Table[5] 

b /l ail is calculated from the wavenumber using the modified Edlen ( 1966) dispersion formula bv lBirch & Downs! i 19941) for standard air 
c Transition probabilities taken from the calculations bv lOuine 3{L997|) 



